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SHKK RECOVERY EXPERIXWWS: AN ASSESS.ML.NT

GEORGE T. GRA?’ 111

LOS .AL.A31OS XATIOXW LABORATORY. LOS ALAMOS, N.M. 87545

Systemu~iu shm-li rec~lve~exptrimell[s. in which microstmctural and mechanical propnyeffecls are characterized
quantitativdy. constitute an important mmns of increasing our understanding of shock processes. Through studies of the
etkcts of variations in metallurgical imd shock loading parameters on structure/praperty relationships, the micromechanisms
of shock deformation, and how tt,cy differ from conventional strain rate processes, am beginning to emerge. This paper
wili highlight the stm-of-the-art in shock recovery of metallic and ceramic materials. Techniques will be described which
are utilized to ‘“soft” recover shock-kided mml!ic samples possessing low residual strain; crucial to accurale “post-
mortem’” mmllurgical investigations of L& inlluence of shuk loading cn material behavior. Illustrations of the influence of
shock assembly design on the structurdpropmy relationships in shock-recowred copper samples including such issues as
residual strain and contact stresse% and their consequences are discussed. Shock recovery techniques used on brittle
materials w-ill be reviewed and discussed in light of recent experimental rtsults. Finally, shock mcovexy stmctum@roperty
resulcsand VISAR data on the a-to shock-induced phase transition in titanium will be used to illustrate the benef~ial link
Ixween shock recovery and “real-time” shock data.
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1. INTRODUCTION

The %Iudy of the structure/property relatiomh]p~ in

materials while under shock loading pressurm is very

difficult due to [he dynamic naIure of the shock process

and the wry short lime available for sludy. DIM 10 these

imposed constraints, mos[ “real-lime” shock prmms

measurementsare limited to studying the interactionsof the

transmitted waves upon arrival tit the free surface. To

augment these in-situ wave-profile measurements, shock

recovery tcehniqucs were developed in the Iatc 1950’s to

experimentally assess the residual effects of shock wave

compassion on materials.

The object of “soft” recovery experimentation is to

examine the terminal structure/property relationships of a

material that has been subjected to a known uniaxial shock

hist~, i.e. controlled peak pressure and pulse dumtion,

and has been returned to ambient pressure -

experiencing radial release tensile wave loading or

collateral recovery striiins. Tensile wave interactions may

be nmstly mitigatwl by surrounding the sample wifi tightly

fitting material of the same or nearly the same shock

impedance, both laterally and below the sample. This

technique, termed “momentum tripping” has conti,med to

evolve to prevcn[ radial release riirefwtions and spallation

from entering the swnple in a vnriety of sample

configurations and for vmious shock Iowiing nwhuds.

When ideally trdpped, the rcsidud strtiin (Kre,) in the

simple (defined here as the find sumplc thiclrncssdivided

by the initial swnplc thickness) should be w [hc order of

only a few percent, Since the inccp[ion of shock rwmvwy

studies, the use of momentun: triipping tccilmiqucs h

IXXW Suc”tcssfully npplicd 10 ti hlrgc numtwr of lllCtillliL-

Systcms illlll ii more limited number cf hrilllc solids.

!h!vcrJl review pupers hove chronicled lhc dcvckqmwn[ [d”

shtxk rlxmvcry [cchniqucs employing ~iis gum, exploding

wires, or explosive Iom.ling to shcxk loud lliii[Criills,l 4

I?tis paper will briefly review the cur,wt stillc.of-lhC-iUl
..--1 e... . , -..



rmasurernemsare limited to smdymg the inmaetions d- dW

transmitted waves upon arrival at the free surfaw. To

augmmt these in-situ wave- pofile measuremnfs, shock

rLXXIVCry[~hniques were de,vc]oped in the Litc[9fi)’s to

experimentally assess the residu~l cffec[s of shxk wiivc

Comprcmon on materials.

The object of “soft” recovery experimentation Is 10

tmunine fhe terminal structure/property relationships of a

maferial that has been subjected to a known uniaxial shock

history, i.e. controlled peak pressure and pulse duration,

and has been returned to ambient pressure without

experiencing radial release tensile wave loading or

collateral recovery swains, Tensi Ic wave interactions may

be mostly mitigated by surrounding the sample with tightly

fitting material of the same or nearly the same shock

impedance, both laterally and below the sample. This

techmque, termed “momentum trapping” has continued to

evolve to prevent radial release riirefactions and spiillation

from entering the sample in it variety of sample

configurations and for various shock loading methods.

When ideally trapped, the residuul strtiin (&,e,) in the

sample (defined here as the final sample thickness divided

by the initial sample thickness) should be on the order of

only a few percent. Since the inception of shock recovery

studies, the use of momentum trapping [cchniques has

been successfully applied to a large number of mettillic

systems and it more limited number of brittle solids.

Severiil review pitpers hove chronicled [he development of

shock recovery techniques employing g:Is guns, exploding

wires, or explosive Iowling io sh[xk IOid il]ul~riiils, ”4

This pilpcr will briefly review [he cturrcntstit[~-of-th(~-iitt

iIm.i futlirc l’ronticrs of shock recovery cxpcrimcnttilion LJf

111(! 1:11s Ul](j Cel’illlli US, Recently qu;intificd fitc!ors

in!lucncing “soft” shock rccovcry, including the

inlportit.nue01 uccurtitcly Iimi[irlg rwliul rCICiiSf’ in[cractions

resulting in residuill strtiins and their effects cmsuhsqucnt

smucture/property rcl:ltionships, will be discussed, !$h(~k
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reccwery techniques used for brittle sohds. such its

ceramics, intermetallics, and minerals will be

comparedcontrasted with recovery techniques used for

metallic materials. Finally, the advantages of performing

“soft” shock recovery techniques in parallel with “real-

&“ shock wave s!udies will be illustmed.

2. BACKGROLJND

The exmmes in the loading path during a shock induce

a high density of defects in most materials, i.e.,

dislocations, point defects, and/or deformation twins.1~5-7

In addition, during the shock process some materials may

undergo a pressure-induced-phase transition which will

affect the “real-time” material response and if the phase

remains present to ambient conditions. although

metastable, the post-mortem substmcture and mechanical

response will reflect the high pressure excursion.

Interpretation of the results of shock recovery experiments

u therefore address all of the details of the shock-

inducd deformation substwcture in lig$t of the operative

metallurgical strengthening mechanisms in the material

under investigation.

Several in-depth reviews hitve summarized the micro-

structural and mechanical response Ii[erature on shock

recovered metals and alloy s.11215-7 Overitll, the

deformation substructures resulting at modest shock

pressures ( O - 40 GPa) in metals from shock-induced

defects are obsetved to be very ~ distributed cmit

grain to grain scale. The specific type of subswuc[ure

developed in the shock in iI given metal, i.e., diskwttion

cells, twins, fdul!s, etc., has been shown to critically

depend on u number of fac!ors including the crystitl

s!ructure of the metal or alloy, the relcv:mt strengthening

and deformuion ~chanisms in the mamiul studied (such

us alloying, grain size, second phases, inwrsti[ial conlcnt,

etc.), temperature, slacking fiiult energy, wld the shock

parame!crs, The overull subs[ructurc, while
... . .



2. BACKGROUND

IIIC extremes in the loading path during a shock indum

a high density of defects in most materials, i.e..

dishxations, point defects, and/or deformation twins.l~~s -

[n addition, during the shock process some materials ma}

undergo a pressure-induced-phase transition which wi!l

affect the “’real-time” material response and [f the phase

remains present to ambient conditions, although

metastable, the post-mortem substmcturc and mechanical

response will reflect the high pressure excursion.

Interpretation of the results of shock recovery experiments

w therefore ad&ess all of the details of the shock-

induced deformation substructure in light of the operative

metallurgical strengthening mechanisms in the material

under investigation.

Several in-depth reviews have summarized the micro-

structural and mechanical response literature on shock

recovered metals and alloys. 112Q5-7 Overall, the

deformation substructures resulting at modest shock

pressures ( O -40 GPa) in metals from shock-induced

defects are observed to be very ~ distributed on a

grain to grain scale. The specific type of substructure

developed in the shock in a given metal, i.e., dislocation

cells, twins, faults, etc., has been shown to critically

depend on a number of factors including the crystal

structure of the metal or alloy, the relevant strengthening

and deformation mechanisms in the material studied (such

us alloying, griiin size, second phases, interstitial content,

etc.), temperature, stacking ftiul[ energy, and the shock

pururncters. The overall substructure, while

n)iiCrosCopic~]ly” Unifor[n, Wi[hin single gruins may v;lry

from homogeneously distributed dislocation ti.mglcs or

cells [o coarse plimw slip, s[acking faults, or twins (i.c,

locally heterogeneous) depending on the deformation

mechiinisms opcrtitive in the spevific mti[crial under Ihe

specific shock COf’Idjti(JllS. These shuck-induced



microstructural changes in mctalllc. systems m turn

cmrelatc with variations in the “post-nwrtcm” mechanical

propeflics, with increasing peak shock pressure in

particular, leading to increases in bmh Ihe hardness and

reload yield strength. I IZ”s”7 Shock loading in most

metals and alloys producws greater hardening than quasi-

static ddcumation to the same total strain, particularly if the

metal undergoes a polymorphic phase transition, such as

purt imn.1~2*5-7 This phenomena has &n attributed to

the very high strain rates associated with sh~k loading

and the subsonic restriction on dislocation velocity

requiring the generation of a larger dislocation density

during the shmk prtxess than for quasi-static prm.essesI*Z

and the rate depen&ncc of dislocation storiugc.sWhile this

concept can qualitatively be applied to explain the - six

fold yield increase in copper subjected to a 10 GPa shock9,

significant shock hardening is ~ obsemed in all metals.

ln some alloys such as 6061 -T6 Al or Ti-6Al-4V shock

loading is observed to cause minimum shock

strengthening with the post-shock yield strength nearly

equivalent to the quasi-statically deformed material

yield.1~1 ~ These shock-loading results suggest that in the

specifw cases of 6061 -T6 Al (where quasi-statically there

is minimal strain hardening, i.e. dishxation storage during

deformation) and Ti-6Al-4V there is not a significant

strain-rate dependence of the strain-hwdcning as contrasted

to shmk-loaded copper or many other nwtuls.

3. RADIAL RELEASE WFE~

The residual properties and micrwstrucmre observed ill

shock recovered samples have been tucitly Msumcd to

result ~ from the compression and unIouding due 10

the imposed uniaxial-strdin shuck, Rwxnt shuck rwnmy

studies have however shown thtit the degree of residual

swain E,- in the sample on cxamina[ion significantly

influences the measured structure/proper[y rclwionships

and can even over-shudow the shock wtive purumewic
-Cr----- n. . .. * nn*~~ -- . . .



staticdeformation !O the same total strain, particularly if the

metal undergoes a polymo~hic phase transition, such as

pure iron. 1’2”5-7 This phenomena has been a[rnbuted to

the very high strzun rates associated with shock loading

and the subsonic restriction on dislwa[ion velocity

requiring the generation of a larger dislocation density

during the shock process than for quasi -static processes 1’2

ruui the rate dependence of dislocation slorage.a While this

concept can qualitatively be applied to explain the - six

fold yield increase in copper subje-c[ed to a 10 GPa shock9,

significant shock hardening is M observed in all metals.

In some alloys such as 6061-T6 Al or Ti-6Al-4V shock

loading is observed to cause minimum shock

strengthening with the posr-shock yield strength nearly

equivalent to the quasi-statically deformed material

yield.lo~11 These shock-loading results suggest that in [he

specific cases of 6061 -T6 Al (where quasi-statically there

is minimal strain hardening, i.e. dishxa[ion storage during

deformation) and Ti-6Al-4V there is not a significant

strain-rate dependence of the stmin-hardening as contrasted

to shwk-loaded copper or many other metals.

3. RADIAL RELEASE EFFECTS

The residual properties and microswucture observed in

shock recovered samples have been tacitly assumed to

result _ from the compression and un]otiding due [o

the imposed uniaxial-s[rain shock. Recent shock recovery

studies have however shown [hat the degree of residual

strain Ere~ in [he sample cm examination significantly

influences the measured structure/propcr(y relationships

and can even over- shudow the shock wave parametric

effec[s being studiul.y,l~lg Numerical estimates for a

variety of metals shock Io;lded In [he 5-50 GF’a range

calculate that [he minimum ~= in recovered sumples 10 be

between 0,2 and 0.5Y0, assuming [bar rudial rehmse waves

are nm releasing the in-plane compression swcsses during

the experiment before unitixiul unloading CiIII occurl 3.



Two-dimensional finite ddhmnce calculations on 6W1 -T6

aluminum by Slevens and Joneshave shown that low ~

values _ the careful design of shock recovery

assemblies utilizing momemum trapping rings to mitigate

radial releaseld. Their rndeling results showed that under

very unfavorable circumstances the additional plastic

work, input to the sample from radial release waves, can

be up to 1000% of the plastic work produced by the

uniaxial shock process itself14. Their study also identified

the importance of increasing the diarneter-tothickness mtio

of the sample to greater thari 7 to 1 to additionally reduce

radial release effects.

To further examine the affect of radial release interactions

on the structure/property relationships in shock loaded

materials, experiments were conducted on copper shock-

loaded using several shcck-recovery designs which

yielded differences in ~= while all having been subjected

to a 10 GPa, 1 ysec pulse shock9. Copper samples were

shock-loaded using an 80-mm gas gun , “soft” recovered,

samples were sectioned from [he recovered sample to

measure the reload yield behavior, and sumples were

examined in the transmissionelectron microscope(TEM) to

study the substructure evolution. Details of the

experimental set-up and shak recovery design parameters

are presentd indepth elsewhere?,

The substructure and yield strength of the bulk shock-

Ioaded copper samples were found LO depend on tile ,

amount of ~~ in the shock-recovered sample M iI conswnt

peak pressure and pulse duration. In Figure 1 the reload

yield strength of the 10 Gilt shock-londccl copper is

observed to increase wiih increasing residual sitrnple

strain.

c
0= /

Y = 198.44 + 47.224M RA2 = 0,973



very unfavorable circumstances the additional plastic

work, input to the sampk from adial release waves, can

be up to 1000% of tkc plastic work produced by the

uniaxial shock proces itse~4. Their study also identified

the importance o! increasingthe dia.mter-t~thickness ratio

of the sample IO greater than 7 to 1 w additionally reduce

radial release effects.

To further examine t!! affect of radial release interactions

on the s!ructure/property relationships in shock loaded

materials, experiments were conducted on copper shuck-

loaded using several shock-recovery designs which

yielded differences in ~ while all having been subjecttxi

to a IO GPa, 1 J.Lsecpulse shock9. Copper samples were

shock-loaded using an 80-mm gas gun . “soft” recovered,

samples were sectioned from the recovered sample to

measure the reload yield behavior, and samples were

examined in the transmissionelectron microscope(TEM) to

study the substructure evolution. Details of the

experimental set-up and shock recovery design parameters

are presented in-depth elsewhere.

The substructure and yield strength of the bulk shock-

Ioaded copper samples were found to depend on the

amount of ~ in the Sk sk-wovered sample at a constant

peak pressure and pulse duration. In Figure 1 the reload

yield strengtn of the 10 GPa shock-loaded copper is

observed to increase with increasing residual sample

strain.

I
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FIGURE 1

Reload Yield Strength vs. Residual

Copper

TEMcx~minatim showed that the

Strain for Shocked

substructure of the

shock-i~aded coppe consisted of almost enlirely

dislocation cells at low c,-. With increasing E,C, the

substructure beam more heterogeneous in nature, with

grains exhibiting planar slip bands, microbands, and

deformation twins intermixed with dislocation cells.

Figure 2 shows typical TEM bright-field micrographs of

the substructure of shock-loaded copper as a function of

e ret” At the 24% ~ level, nearly all grains contained

deformation t- with the twins most often occuning in

packets composod of many fme twins.



TEMexamination showed that the substructurcofthc

shock-loaded copper consisted of almost entirely

disbcatim cells at low ~,c~. With increasing c,,, the

subswucture became more heterogeneous in nature. with

grains exhibiting planar slip bands, microband?. and

deformation twins intermixed with dislocation cells.

Figure 2 shows typical TEM bright-field microgmphs of

the substructure of shock-loaded copper as a function of

e res” At the 26% ~= level, nearly all grains contained

deformation twin$ with the twins most often occurring in

packets cmmposedof many fine twins.



FIGURE 2

TEM ticmgmphs of shock-loaded copper as a function of

Em: a) d% q=, b) 7% &rC,, C) 26% c~Cfi

‘Fhc incrcascd reload mechanical response and the

development of incrcming amounts of planar slip,

mierobimis, and defommtion twins wi[h increasing ~= is

thought to reflect increased applied shear suvsses from

“late-time” loading, i.e., pos[-uniaxial-shock compression

and release. This loading is due to insl~fficient momemum

trapping leading [o radial release wave unloading of the

Sampl:. The effectiveness of this unconstrained radial

plas[ic flow on strain hardening is readily apparen[ from

the fact that the 26 % crC~, 10 GPa sample possesses a

reload yield srrength (3S0 MPu) which exceeds he yield of

a IOW~~ 20 GPa shocked sample (2S6 MPii) by l~early

20%90

The substructure evolution sequence of planar slip bands

appearing in addition to a dislocation cell structure with

increasing ~c in this study is identicid to that obse~cd in

quasi-static studies of the effects of stress path changes on

dislocation substructure development Is, In quasi-static

studies on the influence of stress path change on

substructure cvolutiun in copper, drforming u sample in

tension at $)0 degrees or[hogon[ll to the previous

compression axis was obsmved to cuuse course plurmr slip

band formation cutting wxoss disloc~l,ti[m cells formed

during the initial compression excursion, ‘Ile fonnatmn of

the planar slip b[lnds across the prc-existing CCII

substmcturc has been reltitcd to [6c instiit)ility d’ resident

substrucmres 10 stress pu[h ~h[illges ultcl,ll~~ [IIC m.live slip

planesls. [Jpon ultcring the swess I)[lth W) dcgrccs nflcr :1

preliminwy deformwion 011slwcilic slil) sysIcms, diffcrclll

slip plunes are uclivaled ‘5,

Initially, the disloctitions which II)(WC most prol)ill)ly

cwigirmte in the cell ~illls and after traversing the CCII

interior begin to intcmct with the forest dislocations in the

next 41 wall, With increasing uniaxial stmin, positive and



microbands, and deformation twins with i~ing ~ is

thought to reflect increased applied shear stresses from

‘late-time” loading, i.e., post-uniaxial-shock compression

and mkase, This loading is due to insufficient momentum

mappmI; leading to radial rele;tse wave unh}ilding of the

samplr. The effectiveness of this unconstrained radial

plastic flow on strain hardenirig is readily applrent from

the fact that the 26 % &rC~, 1() GPa sample possesses a

reload yield strength (350 MPa) which exceals the yickl of

a low ~Cs 20 GPa shocked sample (286 Ml%) by nemly

2~9.

~e substructureevolution sequence of planar slip hands

appearing in addition to a dislocation cell structure with

increasing ~ in this study is iden[ical to that observed in

quasi-static studies of the effects of stresspath chnngcs on

dislocation substructure dcvelopmentls. ln quasi-static

studies on t,le influence of stress path change on

substmcture evolution in copper, deforming a sample in

tension at ~0 degrees orthogonal to the previous

compression axis was observed to cause coarse planar slip

band formation cutting across dislocation cells formed

during the initial compression excursion, The fomuition of

the planar slip bands across the pre-existing cell

substructure has been related to the instability of residen[

substructures to stresspti[h c~imges altering [he active slip

planesls, Upon altering the stress pu[h $X)degrees after a

preliminary deformtiticm on specific slip systems. differenl

slip planes are activu[ed~s,

Initially, the dislocu[ions which IINSVCmost probably

origintite in [he cell wiIlls ml after traversing the cell

inferior begin to in[cri.wt with the fores~dislucntions in the

next cell wtill, With increasing uniuxial stmin, positive und

negtitive dislocations pol;lriu on euch side of [hc l(~ill LWll

w~ll until at u high enough Ioc;ll s[rilin, h]ctili7.cd

dislocation annihiltition will occurl~, “1’hisIoctil rcduutioli

in the dislocation densi[y will reduce buck slrcsscsilt)(l It-ml

[o a Incul sof[ening imd instability m fur[l:cr slip ct:lusing



shp concentration across portions of the IJIyWl which

develop into coarse slip hands]s. The iippcarancc of

planar slip bands in addilion [o the dislocation cells with

moderate increases in ~C, in this study, us seen in Figure

2b, is [bought to be the result of iI similar mechanism. In

the pesent shock-loading case the sums puth change is the

result of “late-time” radial release wave effects apphed 90

degrees m [he pre-existing uniaxiid-strain shock-formed

cell substructure. Further incretises in the ~ti will result in

addition plastic work locally incnmsing the applied shear

stresses 10 IWCIS capable of activating widespread

microbands and deformation twinning, consistent with this

study9.

4. SHOCK RECOVERY OF IIRITIIE MAl13RlALS

While the structure/proper[y behavior of numerous shock

recovered metals und alloys has received considerable

uttcntion in the literiiture 10 dti,te, the response of (xrimics

and cemlcts to shock-loading remuins pcmrly undcrs[ood.

The majority of shock-recovery studies on brittle mutcrials

have concentrated cm exitmining the rwqxmsc of mincr:tls

and u few monolithic ceramicsl. lb. Scverol

microstructuril studies of shock-recovered minemls, such

w quartq hiotite, unorthite, und pcriclme huve revealed the

fotmmtion {,f scverd types of piut’l;lr substructural fe:nures,

Iabelc:! kink bimds or “deformation Iumclltic”, h)th

suggesting inhmnogeneous pl;u.lic !low prt)ccsscs uhovc

ihc Hugoniot Eltisti(: I.imi[ (I [l{l. ) it) [hcsc hri[[lc s[di~ls.

[lmverscly, ‘HIM cxill]~in;l[ioll [~fsh(xk rcctwcrcd tdivilw

found no evidence of “shctir I);lllds” (w zotws wlli(’11

displuy fcuturcs t]]ost Iikcly ~:ct]~rilt(~(l il[ hi~’~)

ICrllpcrillnrcs 1‘m

Scvcriil rcucnt sh[~~ik-rw’twcry stu[iics l)il~c u[; liml nil*

“1.IIM I() extin]inc [IN suhstructurc cvtdu[i, m in scvcml

n]cmoiithic ~triii]]ics IIIILI u ~crll]~tl~ ~1, A :;lll~~ttil~mtlltill

sltidy on shuck recovcrcd frtignlcnls td’ Al 20 ~, “l’ill ~, ilt][l

SiC mottolithes Lwncludcd thut fi~r fn~m urrnmius, I]lmic

deformation, specificul Iy dislocntiun ucncr:uion. under
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result of “late-time” radial release wave efffi applied 90

degrees to the prc-existing uniaxial-stmin shock-formed

cell substructure. Further increasesin the ~ will result in

ddition plastic work Iocally increasing the applied shear

ttresscs 10 levels capable of acl]vating widespread

mlcrobunds and deforrniiticm twinning, CiJlK15Mli with this

mldy9.

4. SHOCK RECOVERY or BR]ITLE MATEIRIA1.S

While the structure/property bchtivior of nurntmus sh~k

recovered metals and alloys has received considerable

attention in tile literature to date, the tmponse of ceramics

and cermets to shock-loading remains poorly understock

The majority of shock-recovery studieson brhde materials

have concentrated on examining the rqxmse of minerils

and a few monolithic ceramics2’ ‘b. Several

micrustructural studies of shock-recovered mineruls, such

as quurtz, biotite, anorthite, and pericke have reveitled the

formation of several types of planar substructural features,

labeled kink bands or “deformu[lon Iitmelhte”, both

suggesting inhomogcneous ~,, “tic flou processes above

the Hugoniot Elastic Limit (HEL) in these brit[le solids.

Conversely, TIN examination of shock rewvcrcd olivine

found no evidence of “shear kmnds” or zones which

display features most likely gcnertircd iII high

tclnpcruh.tres17.

Several recent shock-recovery studies hitvc utilized the

I“EM to exitminc the substructure evolutl(m in scvcrtil

monolithic ccritmics UMI u ccrme[lH 21. A suhs[rm.[urill

study on shwk-rccmnwd frtigmenls d Alzoj, “I’illz, iitl(l

SiC monoliths concluded that for most cttrilil~ic.s, p]us[ic

deftmnatirm, specifically disl~~ation ~Cl)Criiti[)n, un(lcr

high-struin-rufe conditions uppcurs to IN iIn il]]l)ortiln[

energy-absorptive n~echtinism!~, !+hock rccovtry

experiments on ;Ilumina, utilizing u Stilr-ShilpCll Ilycr, ilt

SKCSS ICVCISUp to [wicc the IWI., yichlcd triigi]l~i][s I:lrgc

enough to allow micros[ruclurul Study ’v. ‘1’I{M
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cxarnination of the alumina revciilcd Ihai tmly selcctivc

grains displayd evidence of plastic wtm nmion, with the

oefornmtion consisting solely of disllxa[wn debris and no

twinning or cracking. In this studyi9 tic nuthors noted

ihat the grains displaying dislocation activity were

predominantly adjacent to residual pores in the rnatcrial.

TEM observations of shock-mcovcrcd AI-B4C cermcts

have similarly shown that at abk pmssurcs significantly

akve the probable HIX., based on an estimated U.-UP, of

the ccrmct the sample remains largely intact and microcrack-

frceZ0”21. Above the HEL the B4C constituent responds

plastically m a reasonable mm-uniform (on the g:ain to

groin level) manner20”21. Evidcncc of both dislocations

and deformation twinning have lxcn observed in the B4C

grains following u -10 GPa shock in the 65% B4C cemwt.

rhe intact natures of the shock-recovery studies on

alumina19 and the AI-B4C cennets~~i above the HEL arc

contrary to curlier r:cove~ tests on pol ycrystallirw

alumina, encapsulated in copper or aluminum, which

displayed significant fragmcntatim below the 1{EL22.

The lack of cx[cnsivc da~a in the Iitcraturc on

fragmcnmtion behavior of stik.l~iided brittle solids is

thought to be du~ to: I) the cxpcrimcmal difficulties

associutcd with shuck rccovwy A 2) the ptwr successof

many techniques utilized m “soft” recover brillle solids.

Mincriil ml cerumic rccovcry wchniqum him hqcly IWCII

mudificutions of sucwssful asscmMy designs upplicd m

mclidlic syslems, The ~crmnic or Illilltrill of inlcrrsl IIM

of[cn been pluccd in u metallic Cil[lSllll’ or thrwdxl

contuiner which is in turn surnmndui by mcmllic

mcm,sv[un] triipphgd ticked hy u mc[dlic spidl plii[~.

The contuinmcn! of [hc ceramic or li~it]criilis i~t[cmlcd IU

limit fmgmentution und collaterid dtinuigc OI; dccelermion

folluwing the uniuxitil shwk c~cIII. The principal

dilfirully 0!’ the metullic cupsule terlmiquc Iics in the filcl

[hal the conwincr is ~ exiwlly impcdancc IlliilL”lIC(l wilh

Ihc hritde soli(l of intcrcsl. “1’!lcrclwivcly high sh(~k

vehxify of [he ceramic #amnle cmmnnnvl in rh~ ntamllir



TEM observations of shmk-remvcred A1-BdC cerrnets

have similarly shown that at shock pnxsures significantly

akwe the probable HEL, basedon an estimated US-UP, of

the cermet the sample remainslargeIy intact and microcrack -

free20~21. Above the HEL the B6C constituent responds

plastically in a reasonable mm-uniform (on the grain to

grain level) manner20~zl. Evidcncu of both dislocations

and deformation twinning have been cherved in the B4C

grains following a -10 GPa shock m the 65% B4C cm-m.

The intact natures of the shock-recovery studies on

aluminalg and the AI-B4C ecnnets~0021above the HEL are

contrary to earlier recovery tests on polycrystalline

a!umina, encapsulated in copper or aluminum, which

displayed significant fragmentation below the HELZZ.

The lack of extensive data in the literature on

fragmentation behavior of shock- IOMM brittle solids is

thought to be due to: 1) [he experimental difficulties

associated with shock recovery imd 2) the poor success of

man} techniques utilized to “sofl” recover brittle solids.

!klinerii and cerwnic ruoveq techniques have largely hen

modifications of successful assembly designs applied to

metallic systems. The ceramic or mincrul of interest htis

often been placed in a metallic uupsulc or thrcadwj

container which is in turn surrounded by metallic

momentum trapping and backed by iI mu[allic sptill pltitc,

The containment of the ceramic or minertil is intended [o

limit fragmentation and collateral damuge on decelermion

following the uniaxial shock event, The principul

difficuhy of the metallic capsule technique lies in ttw f~ct

thut the conminer is ~ extictly impcdtincc lntitctwd wi[h

[he brittle solid of interest, The relutivcly high shock

velocity of the ceramic sample comptircd to the nwtilllic

confinement assembly will cause significtint rwli;ll relwsc

wave interdictions within the assembly, Duc to the ZOW

tensile yield strengths (and also span strenglhsj of mosI

ceramics, even very minor radial rclensc Wiive it~irriwtiot}s

will therefore result in frugmcntotion d’ [hc utriimk



sample.

In addition to the merallic capsule impedance problem,

the presence of different phase%such as the glassy griiin-

bounckry phase present in sane aluminas, and porosity

within many ceramics themselves may actually m.we

significant internal radial release mismatch problems

leading to cracking. Accordingly, when such shock

recovery techniques w materials yield highly fragmented

samples, it bccomcs ~ to unambiguously

ascemi.in whether the plastic deformation observed in the

recovered samples arc solely the result of the uniaxial

shock process or products of the tensile radial release

fragmentation process which occurs subsequent to the

planned shock event. ‘Ike results further show ih~: since

radial release interactions in the shmk recove~ tests may

be the primary cause of local fracture in the ceramic or

mineral, assignment and/or quantifictition of the post-

recove~ micro-cracking behavior of the ceramic is of

* value.

The recent ceramic recovery expctimen[s which yielded

inuwt sample pieces dernonstru[e the end effect of

mitigating radial release iiffcm Iq-l’. Mitigation of the

major radial rcke interactions either through the use of

s:ar-shaped flyer configuriitionsl” in tilumina or [he usc of

interred ceramic momemtum trapping rings with the

cermct20’2’ drastically rcduccd fragmentation of [he shock-

Ioaded rccovcry samples, A classic shock recovery

technique study on NaCl and KBr illustrated the

differences bt tween shock loading u brittle solid ill ii

metallic capsule, which yielded highly crii~kc(j rccovcred

samples, and momentum trapping [hc stimple in iden~icii]

smounding material which proved very cffcc~ive~J, “l-k

inuwt ceramic and ccrmet rccuvcry experinlcnts I Q”I I

further dispute the concept that u significant portion of the

fragmentation of cerurnics may ocuur during Ihe

compression portion of the shock cycle, In fact the

rccovercd alumina (of several di!fcrcnt porosity Icvels)

eX@~ntd l’Wtdts show that sh~k-wave defo~tion



recovery techniques or mabds yield highly fiagtmented

samples, it becomes ~ to, unambiguously

asxrmin whether the plastic deformation observed in the

recovered samples are solely [he result of the uniaxial

shock process or products of the tensile radial release

fragmentation process which occurs subsequent to the

planned shock event. l’ke rtsuits further show tha[ since

radial release intemctic)nsin the shock recoveiy tests may

be the primary cause of heal fracture in the ceramic or

mineral, assignment and/or quantlficution of the post-

recovery micro-cracking beltiivlor of the ceramic is of

* value.

The recent ceramic recovery experiments which yielded

intact sample pieces demonstrate the end effect of

mitigating radial release affects l’)-21. Mitigation of the

major radial release interactions wther through the use of

star-shaped flyer configuratinns)y in alumina or the use of

internal ceramic momemtum trapping rings with the

cermetz”lzl drastically reduced fragmentation of the shock-

loaded recovery samples. A classic shock recovery

technique study on NaCl and KBr illustrated the

differences between shock loading a brittle solid in a

metallic capsule, which yielded highly cracked recovered

samples, and momentum trapping the sample in identical

sumounding material which proved very effectivez3. The

intact ceramic and cermet recovery experiments I g-z ]

further dispute the concept that a significant portion of the

fragmentation of ceritmics may occur during the

compression portion of the shock cycle, In fact the

recovered alumina (of several different porosity levels)

experimcn:al results show that shock-wave deformation

when isolated from radial release interactions does not

lead to total fragmentation of the matctial at stressIcvcls up

[o twice the HEL19,

The differences in the overall frug~twn[u[ion response of

monolithic ceramics and the AI-B 4C ccrmc[ in impwhmce
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protected assemblies suggest that the cermet tiluminum

phase very effectively suppresses micro- cracking and

fragmentation in the B4C skeleton structure. lt is thought

that the low HEL rind vuy ductile nature of the pure

aluminum phase helps laterally confine the B4C skeleton

which prevents axial microcracking and also damps radial

release effects uansfesmdto the ceramic phase.

5. SHOCK RECOVERY 4k “REAL-TIME” STLDtES

Systematic “soft” shock recovery experiments, in which

microstructural and mechanical property effects are

characterized quantitatively, are increasing being applied to

provide an important diagnostic link between “real-time”

shock measurements and material behavior. Shuck

recovery in this contex[ provides a “post-tnorten~” snap-

shot of the structure/property response of a material to the

extreme conditions of ~train rate, hydrostatic pressure, and

tem~rature impowd by the shock for compmxm with

wave-profile and shcxk-reload data.

One illustration of the beneficial teaming of recovery and

real-time studies is found in the area of shock-induced

phase transformation studies where phase structure can be

utilized to corrabrate real-time diagnostic dam. For

example, in the titanium system while the response of

Iitaniurn alloys to dynamic loading is beginning to be

understood, little experimental duur exists concerlilr.g the

stmctt!re/property relationships of titanium and titanium

alloys subjected to shock loading. These studies are

complicated by the fiict that pure ti[unium undergoes a

polymorphic transition from the hexagonul a to a more

open hexagonal cophase tit high prcssurcZ4, “Ile co phase

in pure Ti ,formed under either shock or hydrostatic

soaking conditions, exhibits ti Itirge hyslcrcsis ihut is

responsible for retention of the high-prcs%ure w p!msc m

atmospheric conditicms’~~zs.

To investigate the u-tu phuse trimsfonmuion in more

detail, parallel “soft” shock-recovery studies and VISAR



5. SHWK RECOVERY& “REA.L-TKME” STUDIES

Systemati “@t” shock recovery experiments, in which

microstructure.1 and mechanical prcperty effects are

characterize quantitativ~ly, are increasing being applied to

provide an importmt diagnostic link between “real-time”

shock measurements and material behavior. Shock

recovery in this context provides a “post-mortem” snap-

shot of the struc[urdproperty response of a material to the

extreme conditions of strain rate, hyd.rostaiic pressure, and

temperature imposed by the shock for comparison with

wave-profile and shock-reload data.

One illustration of the beneficial teaming of recovery and

real-time smdics is found in the area of shock-induced

phase transfommtion studies where phase structure can be

utilized to corroborate real-time diagnostic data. For

example, in the titanium system while the response of

titanium alloys to dynamic loading is beginning to be

understood, little experimental data exists concerning the

structudproperty relationships of titanium and titanium

alloys subjected to shock loading. These studies are

complicated by the fact that pure titanium undergoes a

polymo~phic transition from the hexagonal a to a more

open hexagonal to phase at high pressured. The u phase

in pure Ti ,formed under either shock or hydrostatic

soaking conditions, exhibits a large hysteresis that is

responsible for retention of the high-pressure (II phase to

atmospheric conditions~”zs.

To investigate the a-u phase transformation in more

detail, parallel “soft” shock-recovery studies and VISAR

e;:periments have been conducted on high purity titanium

and Ti-6Al-4V2b. Symmetric impact wave-profile shots at

a variety of pressures have shown that electrolytic Ti

undergoes a phase transition at I(),4 GPa while the Ti-6Al-

4V exhibits a linrtir Us -UP response up [o 40 GPazb.

Figure 3 shows a VISAR wtivc-profile for electrolytic



titaniwn shuck-ioaded to 15.6 GPa.
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FIGURE 3

Wave-Profde of Shock-I.maded Ti showing the a-co phase

transition.

Bulk X-ray diffractometry and TEM analysis of

electrolytic-Ti shock loaded at ~ina ~
wholly Ti shock assembly, to 11 GPa and “soft” recovered

(%= =0.5 % ) confirmed the presence of retained w phase. 9s

Bulk x-ray identification of the co-phase was found to be
~a
~=

very sensitive to the sample surface preparation with en
9-

.. careful polishing required to avoid mechanical reversion of ~o

the o at the surface. Figure 4 shows iI TEM bright-field

micrograph and diffraction pattern of the retained cophase,
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FIGURE 3

Wave-Profde of Shock-Loaded Ti showing the a+ phase

transition.

Bulk X-ray diffractometry and TEM analysis of

electrolytic-Ti shock loaded at ~om te~ in a
~

wholly ~1 shock asw’mbly, to 11 GPa and “sof!” ruxwwed

( A =0.5%) confined [he presence of retained u phase. 9=

Bulk x-ray identification of the @-phase was found to be
~a
~=

very sensitive to the sample surface preparation with r-
Vm

careful polishing required to avoid mechanical reversion of ~o

[he u at the surface. Figure 4 shows a TEM bright-field *Z



FIGURE 4

TLM Microgmph of retained wphase in’’soft” recovered

pure T1.

The current shock-recovery findings am contrary to a

previous study where shock loading pure T1 at room

temperature lo pressures of 12 to 50 GPa yielded no

reiained u while finding retained o if shock loading was

conducted at 120K ~. Shock recovery experiments in the

study mentioned~ were conducted by shock loading the

Ti in steel containers which may have influenced the Em

and thermal history in the recovered samples. Even in the

120K Ti shots~, measurement of the phase disrnbution

through the recovered sample thickness revealed the

absence of o at the near impact aild rear sample surfaces

while showing a uniform amount of retained phase in the

s2mple interior. Due to the mechanical and thermal

rnetastability of the ~-phase, it is believed that the C,a in

th~ sample, surface contact stressesg, and thermal history

recovery effects caused in the steel container recovery

tests resulted in reversion of the (II during release and

deceleration at room temperature in the previous study.

The variations in the phase-retention results again

graphically illustrate the importance of utilizing “soft”

recovery techniques to accurately assess shock-induced

struc[ure/property relationships and thereby provide post-

mortem physical data for comparison with red-time wtive

profile data,

6, FUTURE SHOCK RECOVERY FRONTIERS

Post-mortem characterization of shock-loaded materials

will continue to offer vahmblc datu to contribute to the

understanding of real-time wave profile and shock wave



The cunent shock-recovery findings am contrary to a

prevkms study where shock loading pure Ti at room

temperature to pressures of 12 to 50 GPa yielded no

retained @ while finding retained coif shcwkloading was

“sonductedat 120K25. Shock recovery experiments in the

study mentioned~ were conducted by shock loading the

11 in steel containers which may have influenced [he En,

and themal history in the recovered samples. Even in the

120K TI she@, measurement of the phase disrnbution

through the recovered sample thickness revealed the

absence of u at the near impact and rear sample surfaces

while showing a uniform amount of retained phase in the

sample interior. Due to the mechanical and thermal

metastability of the co-phase, lt is believed that the Cr= in

tk sample, surface contact stressesg, and thermai history

recovery effects caused in the steel container recovery

tests resul[ed in reversion of the (u during release and

deceleration itt rcmm temperature in the previous study.

The variations in the phase-retention results again

graphically illustrate the importimce of utilizing “soft”

recovety techniques to accurately assess shock-induced

shucturdpropefiy relationships and thereby provide post-

mortem physical data for comparison with real-time wave

profile data,

6. FUTURE SHOCK RECOVERY FRONTIERS

Post-mortem charucteriza[ion of d-lock-loaded nmtcrials

will continue to offer valuitble dtita to contribute to the

understanding of retil-titt~c wuve profile nnd shock wave

data, The direction of these studies will however evolve

from the traditionid emptutsis of conducting smnd-ulonc

shock recovery nu.tlcriuls studies on it given mtiteriid to [hc

multidisciplinary investigation of u mtitcriids tofu] rcsp[msc

by integrating shock-rcc[wcry tcctmiqucs with viirious rc:d-

time experiments including wuve profile (Iillill



Experimental innovations, such as the PVIW gauge, will

assist this combination by allowing the cokction and

verification of wave-profile data simultaneously with a

recovery test. Through a cooperative approach,

researchers can srnve to establish an in-depth correlation

between microstmcturc and shock-wave response. Such a

union is ultimately necessa~ to developing physically

based models capable of predicting and inputing design

ideas to allow the control of material response to h.rge-

strain, high-strain-rate impulses as ii function of stress,

stress-path history, and temperature.

The materials chosen for these types of integrated

research programs will continue 10extimine pure metals [o

facilitate the study of parametric shock-wtive studies but .

al~o expand their emphasis into the areas of “advariced”

engineering materials, such as ~omposites and

intermetallics, and brittle solids, lmth ceramics, cermets,

and geological materials. While these new materials me

significantly more complicated than single-phase-pure

metals, it is imperative that shock-wave research begin to

systematically investigate the additive and synergistic

nature of multiple strengthening mechanisms on materiid

response to shock-wave deformation, Correlating the

shock-induced mechanical response of multi-phase

materials, such as composites and ccrmets, with the wave-

profile data will require the dcvelopn~enl of more

sophisticated equation of smte models to address multi-

Phiise systems and ordered compounds,

7, SUMMARY

Systematic “sofl” shock recovery experiments which

qutmtitti[ively charwxerizr [he suw[urc/pro})crty effects of

shock defornmtion continue to pruvidc un impormn[

materials view into the shock process, SIuclies of the

influence of shock wtive parumctcrs und strcngttwning

mechanisms on the swuctu@ropcr[y bchnvior of shock-

ruovercd muleria.lstire however* rclcvum if the cffccls
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ideas to allow the control of material response to !arge-

strain, high-strain-rate impulses as a function of stress,

stress-path histoty, and temperature.

The materials chosen for these types of integrated

research prob~ams will continue to cx~mine ~IIre metals to

facilitate the study of parametric shock-wave studies but ,

also expand their emphusis into Ihe mcas o! “advanced”

engineering materials, such tis composites and

intermetallics. and brittle solids, both ceramics, cermets,

and geological materials, While these new matemds are

significantly more complicated than single-phase-pure

metals, it is imperative that shock-wave iesearch begin to

systematically investigate the additive and synergistic

nature of multiple strengthening mechanisms on material

response to shock-wave deformation. Correlating the

shock-induced mechanical response of multi-phase

materials, such as composites and cermets, with the wave-

profilc data will require the development of more

sophisticated equation of state models to address multi-

phase systems and ordered compounds,

7. SUMMARY

Systematic “soft” shock recovery experiments which

quantitatively chiuiicterize the struclure/property effects of

shock deformation continue to provide tin important

materials view in[o [hc shock process, Studies of the

influence of shock wtive pimimeters and s[reng[hcning

mechanisms on the struc[urc/property bd][lvior of shock-

recovcrc.d ma[cnids w however ~ rclcvunt it’ dw effects

uf additional pltistic work duc to Ititcriil rck”;lsc or p(x)r

rccovcry [cchniques urc minimized iis much iIs p~msit>lc,

This is ptirticuli~rly uruuitil in hriltlc tllii[crii)ls were

significant liue-[inw Iriignmlm[km {i Ihc ll}ilt~riill tl)iikcs i[

difficult tit bcs[ w untimhiguously tixvr[ilit] IIW itlilutn(.c

of [he shock process on deform:lti(m. I:u[urc sludics



investigating shock deformtition will require

interdisciplinary research teams, integrating malcriids and

real-time wave-profile experiments, to understand and

model the effkcts of shock processeson material response

and visa versa.
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